The phylogenetic relations of the G6, G7, G8, and G10 genotypes of Echinococcus granulosus are well defined, but their taxonomic status is currently unresolved. We apply an evolutionary species concept to infer that the G6 and G7 genotypes represent a single species that is different to both the G8 and G10 genotypes, and that the G8 and G10 genotypes are also on different evolutionary trajectories and, therefore, should be regarded as separate species. The names Echinococcus intermedius, E. canadensis, and E. borealis have been previously proposed for these three taxa (G6/7, G10 and G8, respectively) and we argue that it may be appropriate to resurrect these names. The correct delimitation and formal recognition of species of Echinococcus may have important veterinary and public health consequences.
Echinococcus granulosus species complex
The formal naming of any species provides stability and is essential for effective and universal communication. It is important that, once adequate data are available, the names of parasites are formalized at the species level [1] . Within the cestode genus Echinococcus, there has been much controversy over the years regarding the specieslevel taxonomy. In particular, it has long been recognized that E. granulosus sensu lato, the causative agent of cystic hydatid disease in humans, is a paraphyletic group of several different genotypes or strains [2, 3] . Molecular tools have proved valuable in resolving this problem, supporting biological data, and leading to a revised taxonomy that largely formalizes a species nomenclature proposed by many early parasitologists (reviewed in [4, 5] ).
There is widespread agreement based on morphological, molecular, and ecological criteria that E. granulosus sensu lato should be split into the species E. granulosus sensu stricto (including the genotypes G1, G2 and G3; sheep and buffalo strains), E. equinus (G4; horse strain), and E. ortleppi (G5; cattle strain). However, there is still some uncertainty over the species status of the remaining genotypes: G6 (camel strain), G7 (pig strain), G8, and G10 (cervid strains). Nakao et al. [6] [7] [8] proposed that these genotypes should be united in the species E. canadensis, while Thompson [5] suggested that the domestic strains (G6 and G7) should be regarded as a different species (E. intermedius) to the sylvatic strains (G8 and G10; E. canadensis).Here, we review recent and historical studies of these genotypes and propose a third alternative.
History of the G6, G7, G8, and G10 genotypes Pigs and camels have long been recognized as susceptible to infection with E. granulosus, but their role in the life cycle was uncertain because cysts are often sterile. It was not until the 1980s that epidemiological studies demonstrated that pigs and camels have important roles as intermediate hosts in areas such as Eastern Europe and the Middle East, respectively [9, 10] . Subsequent molecular studies have confirmed that distinct genotypes of Echinococcus are maintained in these life cycles, complementing morphological descriptions of the adult parasites of pig and camel origin [9] [10] [11] .
In 1960, Cameron [12] proposed that the form of E. granulosus maintained in cervids in Canada should be called E. granulosus var. canadensis and considered a different form ('variety') to the 'typical' form maintained in sheep. This was based on the observation that serology in Canadians using antigen from hydatid cysts from reindeer in northwestern Canada (although probably of Alaskan or Fennoscandinavian origin) was more accurate than serological tests using antigen from Australian sheep, and failure to experimentally infect sheep, pigs, or cattle with eggs of the parasite harvested from Canadian wolves [13] [14] [15] . Before this, Sweatman [16] emphasized the rarity of Echinococcus in pigs, sheep, and horses in Canada, in contrast to its widespread distribution in cervids. Sweatman and Williams [17] built on the observations of Cameron and Webster, confirming the poor susceptibility of sheep to experimental infection with Echinococcus of cervid or wolf origin and also, from their experimental infections, demonstrated that adult tapeworms of wolf and cervid origin were morphologically distinct from those of livestock origin.
What is a species (of Echinococcus)?
There is now a reasonable consensus on the phylogenetic relation of the G6, G7, G8, and G10 genotypes of E. granulosus sensu lato, as well as substantial data on their geographic range, host cycles, and morphology, so the question of species status hinges, to a large extent, on agreement as to what constitutes a species and what is the appropriate evidence for species delimitation. We have documented in detail elsewhere [18] [19] [20] the advantages of an evolutionary species concept [21] , now often subsumed in a general lineage concept of species [22] ; a species is a single lineage of organisms with a common evolutionary trajectory, distinguishable from other such lineages (see Glossary). Therefore, the delimitation of evolutionary species should consider both the pattern of evolutionary relations among lineages, such as monophyly and exclusivity, and the processes responsible for maintaining a cohesive evolutionary trajectory, such as gene flow and ecological constraints.
Our best estimate of the pattern of evolutionary relations among the G6, G7, G8, and G10 genotypes of E. granulosus is shown in Figure 1 . It is clear from this pattern that there is no justification for separating the domestic strains (G6 and G7) and the cervid strains (G8 and G10) as two different species, because the resulting 'cervid species' would not satisfy the criteria of monophyly and exclusivity [8] . However, this is not the same as regarding G6, G7, G8, and G10 as all belonging to one species. Other possibilities that are just as consistent with the observed phylogenetic pattern are to regard each strain as a separate species, regard (G6-G7), G10, and G8 as three separate species or regard (G6-G7-G10) and G8 as two separate species. Distinguishing these four possibilities requires consideration of the processes that might have led to these genotypes being on either the same or different evolutionary trajectories.
Evolutionary species must have either genetic exchangeability (new genetic variants can replace old variants within the species through gene flow) or ecological exchangeability (new variants can replace old variants through genetic drift or natural selection) [23] . Individuals from different populations are genetically exchangeable if substantial gene flow occurs between the populations and are ecologically exchangeable if they occupy the same ecological niche or selective regime [24] . Therefore, species delimitation involves the identification of those most inclusive populations having the potential for genetic or demographic exchangeability; if populations do not have such potential, then they should be regarded as separate species.
A particularly strong indication of populations lacking exchangeability is reproductive isolation, indicated in the field by the maintenance of fixed genetic differences in sympatry. This is a relevant measure for populations of Echinococcus spp., because the population genetic studies of Lymbery et al. [25] and Haag et al. [26] showed that outcrossing can and does occur in populations of E. granulosus (sensu stricto). Although both studies showed high effective selfing rates, these might be a consequence of geitonogamy (i.e., cross-insemination by genetically identical clones) rather than self-insemination, which explains the occurrence of occasional outcrossing [25, 26] . When populations are allopatric, then their exchangeability (or lack of) is more difficult to determine and must be inferred from evidence of genetic and ecological similarity (or difference). This often produces inherent subjectivity in species assignments. An integrative (or iterative) approach to species delimitation, making use of multiple   123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183   184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244 Other echinococcus spp. Figure 1 . Stylized depiction of phylogenetic relations among the G6, G7, G10, and G8 genotypes of Echinococcus granulosus. Based on phylogenetic analyses of mitochondrial and nuclear genes, as shown in [8] and references therein. The cervid genotypes (G8 and G10) do not form a monophyletic group to the exclusion of the camel and pig genotypes (G6 and G7).
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data sources (molecular, morphological, ecological, and behavioral), may reduce this subjectivity [27, 28] . There have also been important recent developments using coalescent theory to reconstruct species trees from multilocus genetic data, which show great promise for a more objective approach to species delimitation [29] .
Nakao et al. [8] suggest that the specific name 'E. canadensis' should be retained for the G6, G7, G8 , and G10 genotypes of E. granulosus sensu lato, pending further population genetic studies to clarify the status of the taxon. However, we are of the opinion that the use of the name 'E. canadensis' for the cervid and pig/camel forms is confusing , given the marked differences in their geographical distribution, host range , and epidemiology, and should be changed if a separate terminology can be supported. While we support the need for more genetic studies, using multiple loci from a wider range of populations, we believe that there is currently enough evidence from different sources to delimit three different evolutionary lineages within this group of genotypes. Below, we review biogeographic, genetic , and morphological data to support this claim.
Are the G6 and G7 genotypes on different evolutionary trajectories? The G6 and G7 genotypes have a largely allopatric distribution (Figure 2 ), making it difficult to demonstrate the presence or absence of reproductive isolation in sympatry. Both genotypes were found in Argentina by Rosenzvit et al. [30] , but in geographically separated provinces. Soriano et al. [31] found the G6 genotype in goats and the G7 genotype in pigs in Neuquén province, Argentina, but the different host species originated from geographically separated sanitary areas in the province. Moro et al. [32] found the G7 genotype in pigs from an abattoir in Lima, Peru, and one isolate of the G6 genotype in a human patient from the same city; all other G6 isolates were found in goats from different areas of the country. Given that the origin of infection of the human patient was not known, this cannot be regarded as sympatric occurrence. Therefore, at this stage, there is no direct evidence for a lack of genetic exchangeability between the G6 and G7 genotypes.
Thus, we need to consider evidence for ecological exchangeability between the genotypes. Although the larval   245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305   306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366 G6 Key: Figure 2 . Global distribution of the G6, G7, G10, and G8 genotypes of Echinococcus granulosus sensu lato, based on reports that utilized molecular methods to confirm genotype. The G6 and G7 genotypes have a largely allopatric distribution, while the G8 and G10 genotypes are frequently sympatric.
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form of G7 is often found in pigs, there is overlap in life cycles. The G6 genotype, for example, has been recorded in goats, pigs, humans, and cervids, as well as camels, while the G7 genotype has been isolated from goats and humans, as well as pigs [7] . Morphologically, the adult worms of pig and camel origin are similar to each other with regard to hook dimensions, the shape and size of the cirrus sac, position of the genital pore, and numbers and distribution of the testes (Figure 3) [9-11,17,33] . The extent to which these morphological traits are genetically determined is not known. There is evidence that hook traits of adult worms of E. granulosus (sensu stricto) are influenced by the intermediate host [34, 35] . A quantitative genetic analysis found that, although some of the phenotypic variation in all hook traits that were measured was due to genetic differences, the influence of intermediate host origin differed markedly for different traits, with 60% of phenotypic variation in some traits due to intermediate host origin, whereas other traits were not influenced at all by the intermediate host [36] . Further evidence for ecological exchangeability of the G6 and G7 genotypes is provided by their close genetic similarity at mitochondrial marker loci, with nucleotide divergence values between G6 and G7 approximately 10% of the difference between the G8 and G10 genotypes and 8% of the differences among other, welldefined species of taeniids (see Table 3 Q2 in [7] ).
Are the G6/G7 and G10 genotypes on different evolutionary trajectories? The G6 genotype has been found with the G10 (and G8) genotype in Far East Russia [7] , suggesting reproductive isolation, although sympatry is difficult to determine because exact geographical locations were not given and so a lack of genetic exchangeability cannot be assumed. However, lack of ecological exchangeability is suggested by a consistent difference in host utilization (principally domestic livestock intermediate hosts for G6/G7 and wild cervids for G10) [5] . Further evidence that the G6/G7 genotypes are on different evolutionary trajectories compared with the two cervid genotypes (G10 and G8) is provided by the morphology of adult worms (Figure 3) . Morphologically, the adult worms of pig and camel origin are similar to each other but distinct from those of cervid origin (as well as those of sheep and horse origin) (Figure 3 ) [9] [10] [11] 17, 33] . Morphological differences between the cervid forms and Echinococcus of pig and camel origin include hook dimensions, the shape and size of the cirrus sac, position of the genital pore, and numbers and distribution of the testes. Again, the extent to which these morphological differences are genetically determined is not known, but nucleotide divergence at mitochondrial loci between G6/G7 and G10 is greater than that between G6 and G7 and only slightly less than the difference between G10 and G8 [7] .
Are the G10 and G8 genotypes on different evolutionary trajectories?
The distributions of the G8 and G10 genotypes are broadly sympatric throughout North America and northern Eurasia (Figure 2 ), although there do seem to be observed intermediate host and geographical patterns, with G10 dominant in free-ranging cervids (moose, elk, and caribou) in western North America, while only G8 has been reported in free-ranging moose and muskoxen in eastern North America [33, [37] [38] [39] . Importantly, however, these genotypes sometimes appear to occur in the same transmission cycles and maintain genetic distinctiveness in the same locality in both Canada [33] and Estonia [40] . In fact, individual wolves co-infected with both the G8 and G10 genotypes have been identified [41] . This is evidence of a lack of genetic exchangeability even in close sympatry. Further evidence that these genotypes are on different evolutionary trajectories is the presence of consistent morphological differences in adult worms, in terms of both the reproductive anatomy of the mature proglottid, and hook   367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427   428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487 dimensions (Figure 3) . Nucleotide divergence at mitochondrial loci between the G8 and G10 genotypes is substantial; approximately 78% of the difference between well-defined species of taeniids [7] .
Proposed nomenclature
Although important questions remain (Box 1), our view is that biogeographic, genetic, and morphological evidence suggests that the G6/G7, G8 and G10 genotypes should be ranked as three separate species. This raises the question of the appropriate nomenclature for these three species. While the function of this Opinion article is not to formally propose species names, we would like to offer suggestions on how this should be approached. Detailed morphological descriptions for adult worms of camel [9] and pig [10, 11] origin are already available. The name 'E. intermedius' has been previously proposed to denote the species in pigs and camels [42] . This name was originally proposed for specimens of Echinococcus recovered from dogs in Spain in 1943 [43] . Although only a few worms were examined, they did not conform morphologically to Echinococcus spp. previously described from Spain, a country where we now know that E. granulosus, E. equinus, and the G7 pig strain are maintained sympatrically in distinct cycles of transmission [44] . This and the fact that E. intermedius is the only remaining name in the literature that could relate to a form of Echinococcus in domestic ungulates, supports using this name for the G6/G7 genotypes found in camels, pigs , and other intermediate hosts. Therefore , it seems logical and appropriate to resurrect and formalize the name 'E. intermedius' with the validated morphological descriptions of the G6 and G7 genotypes that are available [9, 10] .
Williams and Sweatman [45] first recognized the morphological differences between the G10 and G8 genotypes, and proposed the presence of two different subspecies, E. g. canadensis and E.g. borealis. Subsequent considerations pointed out the error of proposing subspecies status because, by definition, subspecies cannot coexist sympatrically [46] . However, it now seems appropriate to resurrect these names at the species level: E. canadensis (G10) and E. borealis (G8) formally in association with their morphological descriptions..
What's in a name: the importance of a stable taxonomy There are significant motivations to move beyond taxonomic controversy to simplify and standardize terminology in the scientific literature and direct efforts to better understanding the ecology and management of this important group of cestodes. The delimitation and formal recognition of species of Echinococcus has important practical, as well as scientific, consequences. Controversy over species names can have serious implications for animal import risk assessment and mitigating animal and public health risks associated with members of the E. granulosus species complex. It has long been recognized that the cervid strains, E. canadensis/E. borealis have a different ecology and pathogenicity compared with E. granulosus sensu stricto present in livestock [13] [14] [15] 47, 48] . Canada and most of the USA outside sheep-rearing regions in the west are considered free of livestock E. granulosus [49] . However, because of taxonomic uncertainty in the scientific literature, and oversimplification (or even willful blindness) on the part of regulatory agencies, genetic diversity remains unrecognized at the regulatory level. As a result, Canada is considered endemic for 'E. granulosus', and import requirements for dogs into Canada require only certification of rabies vaccination status and a veterinary health certificate (http://www.inspection.gc.ca/animals/terrestrial-animals/imports/policies/live-animals/pets/dogs/eng/ 1331876172009/1331876307796). Imported dogs do not require treatment with a cestocide that could prevent introduction of livestock E. granulosus, of far more economic and public health significance than the sylvatic species of 'E. canadensis/E. borealis' that are endemic in wildlife in North America. By contrast, in Australia, where E. granulosus sensu stricto is present, but at low prevalence, government regulations require imported dogs to be treated twice, 14 days apart, with a cestocide within 45 days before export (http://www.daff.gov.au/biosecurity/cat-dogs/step-by-step-guides/category-3-step-bystep-guide-for-dogs).
Similarly, failure to recognize genetic, biologically, and ecologically distinct strains within a related cestode, E. multilocularis, may have led to the introduction of European-type strains of this parasite with domestic dogs or imported red foxes, followed by establishment in wildlife in Canada [50, 51] . Detection of these European strains coincides with detection of cases of alveolar hydatid disease in dogs in Canada for the first time; in some cases, European-type strains have been identified from cyst tissue from affected dogs [50, 52] . This suggests that, in contrast with endemic strains of E. multilocularis long established in central North America, Europeantype strains are less intermediate-host specific, and have more zoonotic potential. Epidemiologically, far human cases of E. multilocularis are observed in Europe (93 new cases reported in the European Union in 2011 alone), in contrast with Canada, where only one autochthonous case has ever been recognized [53, 54] . Therefore, unrecognized genetic diversity in an animalreservoired parasite may have serious implications for veterinary and public health and needs to be addressed at the regulatory level.
Country-specific labeling of veterinary drugs is another area where recognition of the genetic, biological, and ecological differences between sylvatic (Echinococcus canadensis/ E. borealis) and livestock ('E. granulosus/E. intermedius') strains of E. granulosus sensu lato is urgently needed .   489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549   550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609 The few veterinary cestocides labeled for Echinococcus spp. are labeled for E. granulosus and occasionally E. multilocularis, without indicating the source of the parasite (and, therefore, what species or strain) used in clinical efficacy trials. For a drug to be labeled as effective against Echinococcus in a country, it should be demonstrated that it is effective against the (most common) species and strains present in that country. For example, in Australia, this is E. granulosus sensu stricto, but in Canada, it should be E. canadensis/E. borealis, not E. granulosus, which is not thought to be present at this time. While closely related parasite species are likely to be susceptible to the same drugs and drug families, many veterinarians would like the assurance that the label drug and dosage regimen are effective, especially against parasites with public heath significance. Drug companies have significant reasons to downplay species-and strain-level differences within pathogens to get the most out of their label claims; this needs to be addressed at the level of veterinary and human pharmaceutical regulatory bodies. Finally, species names are also used to assess biological risk group and containment levels in research institutions as well as regulatory bodies. Biosecurity measures appropriate for working with endemic, wildlifereservoired strains/species should differ significantly from those needed to safely handle introduced, livestock-reservoired strainsand/or species of Echinococcus. Scientists have a responsibility to explain in an accessible and responsible manner to the public and to policymakers why genetic diversity of pathogens matters in practical and meaningful ways, and is not just a cerebral exercise for academics.
Concluding remarks
From an epidemiological perspective, cystic hydatid disease that is maintained in domestic cycles involving pigs or camels is different from that maintained in sylvatic cycles involving cervids and wolves in terms of geographical distribution, host range, and the anthropogenic factors that result in human infections. There is also a growing awareness that the cervid form of Echinococcus may have been overlooked from a public health perspective and changing trends require a re-evaluation of the public health significance of this form, particularly in Canada [38, 41] . This contrasting epidemiology is complemented by differences in the morphology and genetic structure of the causative agents. Therefore, it is timely to ensure that we have a taxonomy that reflects these differences and allows effective communication.
A stable species-level taxonomy requires a clear view of what constitutes a species and this is an issue that transcends the age-old dichotomy between taxonomic 'lumpers' and 'splitters'. There is now widespread support for a unified, evolutionary species concept that views species as independently evolving lineages; this allows us to separate the issues of species conceptualization and species delimitation and focus our attention on the lines of evidence that are relevant for assessing lineage separation [55, 56] . We believe that, on balance, the current evidence supports the separation of the G6/G7, G8, and G10 genotypes of Echinococcus as independently evolving lineages. We suggest that our species-level nomenclature should reflect these evolutionary relations . 611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671   672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732 Opinion
